Research in contextEvidence before this studyMyelin oligodendrocyte glycoprotein (MOG) is a rare myelin autoantigen of human autoimmune demyelinating diseases (ADD), which is frequently used for the induction of experimental autoimmune encephalomyelitis (EAE) in animals. The pathogenesis of ADD associated to anti-MOG antibodies (MOG-Abs) or MOG-Abs-associated diseases implies the breach of immune tolerance against MOG and the activation of MOG-specific T and B cells, which induce inflammatory CNS demyelination. Evidence points to a deficiency of regulatory lymphocytes in human ADD, whereas the mitigation of EAE in mice is observed if MOG is targeted to subsets of tolerogenic dendritic cells (DCs). This induces the differentiation of naïve T cells into FOXP3^+^ regulatory T cells (Tregs) through a TGFβ-dependent mechanism. The DC-asialoglycoprotein receptor (ASGPR) is a scavenger receptor expressed in macaque and human monocyte-derived DCs. Anti-DC-ASGPR antibodies fused to prostate-specific antigen (PSA) injected in macaque skin induce the appearance of PSA-specific suppressor lymphocytes expressing IL-10. Nonetheless, the therapeutic effectiveness of anti-DC-ASGPR immunotherapy remains to be established in a high-fidelity animal model of human CNS autoimmunity.Added value of this studyHere, we report a therapeutic vaccine that effectively blocks encephalomyelitis in macaques committed to develop EAE after sensitisation with rhMOG emulsified in incomplete Freund\'s adjuvant (IFA). This immunotherapy focuses MOG entry into CD163^+^ dermal cells through intradermal injection with a humanized anti-DC-ASGPR-monoclonal antibody fused to MOG. This is followed by the appearance of circulating MOG-specific Tregs and complete protection from the disease. The treatment prevents the generation of encephalitogenic CD4^+^ T lymphocytes but does not reduce serum anti-MOG IgG titres. Amidst an on-going debate on the physiopathology of demyelination in MOG-Abs-associated diseases, this protocol demonstrates that serum anti-MOG autoantibodies are not sufficient to trigger brain inflammation and demyelination but require encephalitogenic T cells and blood-brain barrier disruption to enter the CNS. Our results also suggest that peripheral tolerance and immune stimulation are modulated by inversely correlated TGFβ1 and TGFβ2 levels, *i.e.*, active EAE is associated with low systemic TGFβ1 and TGFβ2 levels, whereas induced tolerance is characterised by substantially increased levels of TGFβ1 and TGFβ2, strengthening the evidence that these isoforms of TGFβ contribute to the control of T cell responses.Implications of all the available evidenceThis preclinical protocol for testing vaccine proteins, readily usable in patients, was implemented in a macaque model of autoimmune encephalitis that tightly recapitulates human demyelinating disease with anti-MOG autoantibodies. In the absence of rhMOG/IFA sensitisation, the intradermal administration of the anti-DC-ASGPR-MOG vaccine raised MOG-specific Tregs but did not induce anti-MOG IgG, indicating specificity for Treg induction while not being an immune stimulator. Most importantly, both therapeutic and prophylactic immunotherapy with anti-DC-ASGPR-MOG were highly effective in averting an encephalitogenic immune response to rhMOG/IFA. Thus, anti-DC-ASGPR-MOG might be a novel treatment option to ameliorate MOG-Abs-associated diseases.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Autoimmune demyelinating diseases (ADD) are a major cause of non-traumatic neurological diseases in children and adults. Recent findings show that anti-MOG antibodies (MOG-Abs), recognizing MOG in its native form, are present in a large number of children and adults with ADD \[[@bb0005],[@bb0010]\]. These conditions are currently called MOG-Abs-associated diseases and can manifest as acute demyelinating encephalomyelitis (ADEM), optic neuritis (ON), transverse myelitis (TM), or neuromyelitis optica spectrum disorder (NMOSD), but rarely as multiple sclerosis (MS) \[[@bb0015],[@bb0020]\]. Most patients with relapsing MOG-Abs-associated diseases are dependent on immunosuppressive treatments and B cell depletion, but they respond poorly to MS modifying treatments, which puts humoral immune response at the centre of the pathogenic process \[[@bb0005],[@bb0010],[@bb0020]\]. Moreover, MOG-Abs-associated diseases are characterised by a particular cytokine signature in the cerebrospinal fluid (CSF), further pointing at a pathophysiological process involving antibody opsonisation of myelin \[[@bb0030]\]. Thus, due to the particular severity of these diseases, although they may in some cases benefit from autologous haematopoietic stem cell transplantation \[[@bb0025]\], an effective treatment is eagerly awaited, and inducing immune tolerisation to MOG could eventually lead to a cure.

We used a model of experimental autoimmune encephalomyelitis (EAE) in cynomolgus macaques, which shares many clinical-pathological and immunological similarities with MOG Ab-associated ADD and is thus exquisitely useful for investigating innovative therapeutic strategies for these diseases. The model is obtained through administration of a recombinant protein of the extracellular domain of human MOG (rhMOG), emulsified in incomplete Freund\'s adjuvant (IFA) \[[@bb0035]\]. MOG is a central nervous system (CNS) restricted myelin protein that is highly prevalent as a target of autoimmunity in ADD \[[@bb0040]\]. It is also a frequently used antigen to induce chronic EAE in rodents and non-human primates (NHPs) \[[@bb0045]\]. Cynomolgus macaques sensitised with rhMOG/IFA develop EAE symptoms and harbour brain lesions which can be visualised by MRI. Prominent immunological hallmarks are CD4^+^ T cell reactivity and anti-MOG IgG. Histology of human ADD and monkey EAE shows that lesions detected by brain MRI correspond to demyelination associated with immunoglobulin deposits, complement activation, and the infiltration of neutrophils and macrophages, as well as T and B lymphocytes, suggesting a myelin-directed autoimmune response \[[@bb0035],[@bb0050]\].

In animals, EAE is induced through a breach of self-tolerance due to boosted activation of myelin auto-reactive naïve or memory CD4^+^ T cells through MHC-II myelin-antigen presentation by antigen-presenting cells (APCs), such as dendritic cells (DCs). This leads to increased differentiation of CD4^+^ T lymphocytes into encephalitogenic Th1 and Th17 T cells, producing IFNγ or IL-17, respectively, both favouring the infiltration of both lymphocytes and inflammatory phagocytes into the brain white matter \[[@bb0045]\]. The causes of ADD in humans are not known, but the presence of immune effectors associated with myelin in the brain lesions of patients \[[@bb0050]\], the response of these diseases to immunosuppressors \[[@bb0010]\], the increased Th1 and Th17 effector-cell responses in the periphery \[[@bb0030],[@bb0055]\], and reported deficient Treg function \[[@bb0060]\] all indicate an autoimmune course for these diseases, similar to that described for EAE. This also suggests that the pathogenicity of auto-reactive T cells could be counterbalanced by restoring proper Treg function. This idea was corroborated in mouse models of EAE, both *via* adoptive transfer of Tregs \[[@bb0065]\] and through *in vivo* manipulation of DCs for the induction of MOG-specific Tregs \[[@bb0070],[@bb0075]\].

DCs are the most potent APCs and induce and direct adaptive responses towards either immunity or tolerance \[[@bb0080],[@bb0085]\]. Hence, DC-targeted vaccines are currently being developed with the clinical purpose of controlling adaptive autoimmune responses \[[@bb0090]\]. Notably, subsets of immature migratory DCs from the skin, gut, and lungs have tolerogenic properties. In the absence of inflammation, they capture local antigens for presentation to lymphocytes in draining lymph nodes, inducing their differentiation into antigen-specific Treg cells \[[@bb0095]\]. This is determined by specific co-stimulation of lymphocytes by DCs secreting IL-10 and TGFβ \[[@bb0065],[@bb0075],[@bb0100],[@bb0105]\].

In human skin, immature dermal DCs, but not Langerhans cells, express the DC-asialoglycoprotein receptor (DC-ASGPR/CLEC10A), a C-type lectin scavenging receptor (CLR) that allows rapid endocytosis of ligands for antigen processing \[[@bb0110]\]. We previously demonstrated that antigens (Ags) delivered to skin DCs *via* DC-ASGPR in macaques induce Ag-specific IL-10-producing CD4^+^ T cells with implicit regulatory functions, reminiscent of the T regulatory type 1 (TR1) phenotype \[[@bb0115]\]. In contrast, targeting of the same Ag to the lectin-like oxidised-LDL receptor (LOX-1) in skin DCs with anti-LOX-1 antibodies induced IFNγ-producing T cell responses \[[@bb0100]\].

Here we tested the clinical and biological effect of anti-DC-ASGPR-MOG immunotherapy on the occurrence of EAE in a preclinical macaque model of MOG-induced autoimmune encephalomyelitis. We report that the anti-DC-ASPGR-MOG immunotherapy suppresses MOG-induced CNS autoimmunity.

2. Materials and methods {#s0025}
========================

2.1. Animals {#s0030}
------------

We performed our experiments on animals of either sex, as we (unpublished results) and others \[[@bb0035]\] have shown that sex has no impact on the incidence of EAE. A therapeutic protocol of antigen-specific tolerisation of 90 days was designed using six adult cynomolgus macaques (*Macaca fascicularis*), of which four were female and two were male. We successively implemented a preventive protocol of 120 days using two adult male cynomolgus macaques. All animals came from the MIRCen colony, imported from a licensed primate breeding centre on Mauritius (Cynologics Ltd., Port Louis, Mauritius). For the therapeutic protocol, animals were distributed into two experimental groups of one male and two females each, with no other criteria of selection (Supplemental table 1). The project was run in an agreed user establishment (agreement number 92--032-02) following European Directive 2010/63/UE and French regulations, with institutional permission obtained from the French Ministry of Agriculture after evaluation by an ethical committee (*2015081710528804vl*). All procedures were performed in compliance with the animal welfare structure of the CEA. Monkeys remained under veterinary care during the study. Before sample collection, immunisation, or treatment, animals were sedated with ketamine hydrochloride (Imalgene, 15 mg/kg, intramuscular injection) and xylazine (2% Rompun, 0.5 mg/kg, intramuscular injection). Anaesthesia was maintained during MRI acquisition with propofol (Propovet, 10 mg/kg/h, intravenous infusion in the external saphenous vein). Individual animal data are listed in Supplemental table 1.

2.2. Study design and power analysis of test group size {#s0035}
-------------------------------------------------------

In previous experiments, we observed that the incidence of EAE in adult cynomolgus macaques of either sex is 95.45%, as 21 of 22 animals developed the disease following rhMOG/IFA administration, with a mean onset of 34.55 ± 16 days post-immunisation (dpi) or a median of 32 days (our unpublished results). This indicates that each animal has a theoretical probability of 0.9545 to develop EAE under our protocol. We calculated the smallest possible sample of macaques, for ethical reasons and to respect the principle of three Rs (replacement, reduction, and refinement), to prove the concept of therapeutic effectiveness of a molecule for which biological significance had been previously measured using 12 macaques \[[@bb0100]\]. We used the Fisher Exact test to calculate the smallest possible sample to have no animal developing the disease. We performed this preclinical study on two groups of three animals, either treated with anti-DC-ASGPR-MOG or anti-DC-ASGPR-PSA, as an acceptable level of confidence of 99% leads to an *n* = 3. Only two animals were used in a successive experiment to determine whether intradermal injection of anti-DC-ASGPR-MOG induces anti-MOG IgG. These animals were also used to assess whether pre-treatment with anti-DC-ASGPR-MOG prevents rhMOG/IFA-induced EAE.

2.3. Immunisation and treatment {#s0040}
-------------------------------

Animals were administered 300 μg rhMOG (1 mg/ml) in IFA (Sigma Aldrich) in the dorsal skin by six intradermal injections of 100 μl (50 μg rhMOG per injection site) every four weeks until disease onset, as previously described \[[@bb0035]\]. Six animals received subcutaneous injections of 250 μg anti-DC-ASGPR-MOG (treated group) or anti-DC-ASGPR-PSA (control group) every week for three weeks, starting from the first week after initial sensitisation with rhMOG/IFA and then one week after each boost with rhMOG/IFA; the doses of anti-DC-ASGPR-MOG or -PSA antibodies were the same as those previously reported \[[@bb0100]\]. Each animal received a subcutaneous dose of protein in the back between the shoulder blades as five injections of 100 μl of fusion protein (50 μg protein per injection site). In a preventive scheme, two macaques received three administrations of anti-DC-ASGPR-MOG every week for three weeks. They were then administered rhMOG/IFA on the fourth week and then again four and eight weeks later. All animals were followed for 90 days after the first rhMOG administration. The scheme of an initial administration of three injections of anti-DC-ASGPR-MOG or anti-DC-ASGPR-PSA, one week apart, was empirically designed to maximise the induction of effector T lymphocytes for both the therapeutic and prophylactic protocols. In the therapeutic protocol, the re-administration of anti-DC-ASGPR-MOG or anti-DC-ASGPR-PSA one week after each boost with rhMOG/IFA was empirically determined to maintain regulatory effector T cell levels.

2.4. Skin DC phenotype {#s0045}
----------------------

The phenotype of the skin myeloid cells engulfing the injected rhMOG, anti-DC-ASGPR-MOG, or an anti-human CD40-MOG on the human IgG4 heavy chain, as described above and previously \[[@bb0125]\], was assessed by conjugating the three proteins to Alexa Fluorochrome AF488 or AF594 using a microscale labelling kit (Life technology). Ten μg of each protein in 100 μl PBS was injected intradermally in two sites on the back of adult cynomolgus macaques. Skin biopsies (8 mm punch) were surgically removed 4 and 24 h after injection. Tissues were fixed with 4% PFA in PBS once for 6 h, dehydrated in 30% sucrose PBS at 4 °C, embedded in OCT, and frozen at −42 °C. Cryostat sections of 10 μm were stained with anti-CD163 (GHI-61, 333,602 Biolegend), anti-CD68 (KP1, 344,716 Dako), or anti-CD1a (5C3, M3571 Dako) overnight at 4 °C. A goat anti-mouse IgG1 conjugated to AF594 was used as a secondary antibody. Isotype-specific antibodies were used as negative controls. Tissues were examined using a confocal SP8 microscope (Leica, Germany).

2.5. Clinical observations {#s0050}
--------------------------

Monkeys were observed on a daily basis throughout the experiments. Clinical scores were assessed using a semi-quantitative functional scale, with the severity of disease implying shorter endpoints for the experiments \[[@bb0035]\] (Supplemental table 2).

2.6. Fluid collection and immunological analysis {#s0055}
------------------------------------------------

Blood was collected each week from the beginning of the protocol, to collect baseline samples, through to EAE and euthanasia, with a total volume of up to 26 ml per month. Cerebrospinal fluid (CSF) was sampled at EAE onset and euthanasia, with up to 500 μl per puncture. Full haematology with blood cell counts (CBC) was performed at each bleed using an HMX A/L analyser (Beckman Coulter). Immunological investigations were performed with fresh whole blood or isolated peripheral blood mononuclear cells (PBMCs).

2.7. T and B cell subsets in the blood {#s0060}
--------------------------------------

Immunophenotyping was performed on fresh blood at specified time points by flow cytometry using the following antibodies: anti-CD45 (clone D058--1283, Becton-Dickinson (BD) Le Pont-de-Claix, France), anti-CD3 (SP34--2, BD), anti-CD4 (L200, BD), anti-CD8 (BWl35/80, Miltenyi Biotec, Paris, France), anti-CD95 (DX2, BD), anti-CD28 (clone 28.2, Beckman Coulter), anti-CD69 (FN50, BD), anti-HLA-DR (clone L243, BD), anti-CD20 (2H7, BD), anti-CD27 (M-T271, Miltenyi), and anti-IgD (rabbit polyclonal, BioRad, Marnes-la-Coquette, France). Briefly, blood was incubated with the mixed antibodies for 15 min, red blood cells were lysed, and the cells were washed and fixed. A total of 10^5^ cell events were acquired with a BD LSRII instrument and data was analysed using FlowJo software (Ashland, OR, USA).

2.8. MOG-specific regulatory T cells {#s0065}
------------------------------------

Macaque PBMCs (2 × 10^6^ cells/well) were cultured for 44 h (37 °C, 5% CO2) in 500 μl IMDM (ThermoFisher) supplemented with 10% FCS and 1% penicillin/streptomycin, with or without 20 μg/ml rhMOG. Four hours before the end of incubation, Golgi plug (1 μl/ml, BD Biosciences,) and Golgi stop (0.67 μl/ml, BD Biosciences) were added to the media in each well and the cultures incubated for another 4 h. Cells were washed and stained to detect antigen-specific CD4^+^ T cell subsets, as previously described \[[@bb0130],[@bb0135]\], using commercial mAbs according to the manufacturer\'s guidelines: anti-CD3-BV768 (SP34--2, BD), anti-CD4-BV605 (L200, BD), anti-CD8-APC Cy7 (SK1, Biolegend), anti-OX40-PE (L106, BD), anti-CD25-BV711 (2A3, BD), anti-CD39-PE-CF594 (TU66, BD), and anti-FOXP3-APC (236A/E7, BD). Intracellular staining for FOXP3 required permeabilization buffer and the FOXP3 buffer kit (BD) was used following the manufacturer\'s instructions. Intracellular staining with anti-IL10-PE (JES3-9D7, BD) and anti-TGFβ1-AF488 (Mouse 9016, R&D system) and extracellular staining with anti-LAP-FITC (TGFβ1) (CH6-17E5.1, Miltenyi Biotec) of macaque PBMCs were also tested but did not permit detection of their targets. Cells were analysed on a three-laser LSR II flow cytometer (BD), with at least 10^5^ events collected. FlowJo software was used for analysis.

2.9. Cell-based assay (CBA) for the titration of antibodies to MOG on living cells {#s0070}
----------------------------------------------------------------------------------

HEK293A cells transfected with pIRES2-DsRed2-human MOG (HEK293A_MOG) \[[@bb0140]\] were used to detect plasma antibody binding to conformationally intact MOG by flow cytometry. Non-transfected HEK293A cells were used as a control. Briefly, 150,000 cells were incubated with plasma at a 1:50 dilution of plasma for 1 h at 4 °C. Cells were then incubated with fluorescein isothiocyanate (FITC) conjugated anti-human IgG + IgA + IgM (H + L) Fab'2 secondary antibody, following the manufacturer\'s protocol (ref 30446, Kallestad FITC conjugate, Bio-Rad, Marnes la Coquettes, France), or with AF488 goat anti-human IgG1 (1:500, A10631, Invitrogen) for 30 min at 4 °C. Cells were fixed in 2% formaldehyde-PBS. A total of 50,000 events per sample were recorded on a FACSCanto II instrument and the data analysed using FlowJo software. Binding was assessed by measuring the mean fluorescence intensity (MFI). Anti-MOG antibody levels are expressed as arbitrary units (AU) of the ΔMFI, determined by the subtraction of the MFI obtained with control HEK293A from that obtained with the HEK293A_MOG cells.

2.10. IgG antibodies {#s0075}
--------------------

Plasma anti-rhMOG antibody concentrations were assessed by ELISA in 96-well plates. Flat-bottom plastic plates (Costar 3595, Corning) were coated with rhMOG (5 μg/ml in PBS) overnight at 4 °C. After washing and blocking with PBS/1% BSA, the wells were incubated in duplicate with 1:200 or 1:2000 diluted plasma samples. Bound cynomolgus monkey antibodies were detected with alkaline phosphate-labelled goat-anti-human IgG (1:1000, 4HI1305, Invitrogen Life Technologies, Bleiswijk, Netherlands) or alkaline phosphate-labelled goat-anti-human IgM (1:2000, A9794, Sigma, St. Quentin Fallavier France). Conjugate binding was quantified with SIGMAFAST *p*-nitrophenyl phosphate (Sigma, St. Quentin Fallavier France). The measured optical density was converted into arbitrary units (AU) using a concentration curve of the same positive control as a reference.

2.11. Cytokine levels in plasma {#s0080}
-------------------------------

The levels of 15 cytokines were measured in plasma using multiplex technology: MILLIPLEX MAP human Cytokine Magnetic Bead Panel -- Customized Premixed 13 Plex (Bulk) Packaging (IL-1β, GM-CSF, G-CSF, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p40, IL-17A, TNFα, and IFNγ) and the MILLIPLEX MAP TGFß Magnetic Bead 3 Plex Kit, (TGFβ1, TGFβ2, and TGFβ3), which measures total levels of each of the three isoforms TGFβ1, TGFβ2, and TGFβ3 in serum samples after activation with hydrochloric acid, following the supplier\'s guidelines (Merckmillipore, Burlington, MA, USA), using a Bioplex 200 (BioRad, Hercules, CA, USA). Quantification of all samples was performed simultaneously.

2.12. MRI acquisition {#s0085}
---------------------

Magnetic Resonance Imaging (MRI) of anesthetized animals maintained in a stereotaxic frame was performed with a horizontal 7 T Agilent scanner (Palo Alto, CA, USA), using a surface coil for transmission and reception (RAPID Biomedical GmbH, Rimpar, Germany). Lesion segmentation was performed using a high-resolution 2D fast spin-echo sequence. Lesions were delineated manually, slice-by-slice by a single operator, to measure their volume.

2.13. Histology {#s0090}
---------------

After euthanasia (Pentobarbital IV, 180 mg/kg), animals were perfused with 2 l of ice cold 4% PFA in PBS. Organs, including the brain, spinal cord, optic nerves, liver, lung, heart, spleen, kidneys, and mesenteric and mediastinal ganglia, as well as injection and immunisation sites, were examined and fixed in 4% PFA for 72 h. All tissues were processed to paraffin blocks, cut, and stained with haematoxylin eosin stain (HE). Brain and spinal-cord sections were stained with luxol-fast-blue (LFB) special stain to assess demyelination. Brain and spinal cord lesions were scored according to their overall severity, number, size, and intralesional myelin loss. For each animal, the whole brain was cut into successive coronal slices of 6 mm. At least one standard tissue section, including both hemispheres from each slice, was stained with HE and analysed. For the spinal cord, one 6 mm slice was taken from the middle of each segment (cervical, thoracic, lumbar, and caudal) and at least one standard tissue section was stained with HE and analysed. All lesions detected by MRI were collected and serially sectioned for exhaustive analysis by histology and immunohistochemistry.

2.14. Immunohistology {#s0095}
---------------------

Tissues were dewaxed in xylene and rehydrated. Endogenous peroxidase was suppressed by 0.5% H~2~O~2~ in methanol. Sections were incubated with rabbit anti-human-IgG (1:100, Sigma, SAB3701291, IgG) and rabbit anti-human IgM (1:250, Dako). Incubation with primary antibodies was followed by incubation with a biotinylated goat-anti-rabbit antibody for 30 min, followed by incubation with an avidin--biotin--peroxidase complex (Vectastain Elite ABC Kit, Vector Laboratories, PK 6100; Burlingame, CA, USA) for 30 min at room temperature. Positive antigen--antibody reactions were visualised by incubation with 3,3′-diaminobenzidine-tetrahydrochloride (DAB)--H~2~O~2~ in 0.1 M imidazole, pH 7.1 for 5 min, followed by light counterstaining with HE.

2.15. Statistical analysis {#s0100}
--------------------------

Statistical analyses and graphical representations were performed using Prism 5 (GraphPad Software, Inc). Student\'s *t*-test (unpaired, two-sided) was used to compare two groups of values. A two-sided one-way ANOVA test with Tukey\'s multiple comparison was used to compare three groups of values or more. Heatmaps were generated using R software (R Foundation for Statistical Computing, Vienna, Austria) \[[@bb0145]\]. Hierarchical clustering represented by dendrograms were generated based on the Euclidian distance using the complete-linkage method \[[@bb0150]\].

3. Results {#s0105}
==========

3.1. Clinical outcome of treatment with anti-DC-ASGPR-MOG {#s0110}
---------------------------------------------------------

It was previously shown that anti-DC-ASGPR binds to human monocytes and human immature CD14^+^CD1a^−^ monocyte-derived DCs, as well as CD11c^+^ and CD14^+^ cells from macaque PBMCs \[[@bb0110]\]. In macaque and human skin, it was previously shown that anti-DC-ASGPR binds to CD14^+^CD1c^+^ dermal DCs \[[@bb0100],[@bb0110],[@bb0155]\]. Here, we performed IHC on skin biopsies after intradermal injection of the recombinant proteins to assess whether anti-DC-ASGPR-MOG and rhMOG proteins target the same cells when injected in macaque dermis. We observed localisation of rhMOG and anti-DC-ASGPR-MOG in mutually exclusive dermal cells. The rhMOG entered CD1a^+^ cutaneous DCs, whereas the anti-DC-ASGPR-MOG was found in CD163^+^ dermal cells, likely corresponding to resident macrophages and a subset of monocyte-derived dermal DCs ([Fig. 1](#f0005){ref-type="fig"}a and b) \[[@bb0155], [@bb0160], [@bb0165]\]. Moreover, rhMOG, but not anti-DC-ASGPR-MOG, was associated with the expression of CD40 (Supplemental fig. 1). This shows that anti-DC-ASGPR-MOG binds to resident CD163^+^CD40^−^ dermal cells in an anti-DC-ASGPR mAb-specific manner, whereas rhMOG is phagocytosed by CD1a^+^CD40^+^ Langerhans cells or activated dermal DCs with pro-inflammatory properties \[[@bb0170]\]. Thus, rhMOG and anti-DC-ASGPR-MOG are phagocytosed by different skin APCs when injected in the dermis.Fig. 1Skin localisation of the proteins injected into macaques. rhMOG or anti-DC-ASGPR-MOG conjugated to AF488 were injected intradermally and a skin biopsy of the injection site was analysed 4 h later by IHC. a) Detection of rhMOG in CD1a^+^ cells close to the epidermis. b) Co-localisation of anti-DC-ASGPR-MOG with CD163^+^ dermal cells. Nuclei were stained with 4,6 diamidino-2, phenylindole (DAPI) and the tissues analysed by confocal microscopy. Images are representative of (*n* \> 20) MOG^+^ cells. See Supplemental fig. 1 for further details.Fig. 1

We next assessed whether treatment with the anti-DC-ASGPR-MOG antibody can affect the course of EAE in monkeys. In cynomolgus macaques, rhMOG/IFA administration leads to clinically evident EAE in approximately 35 days \[[@bb0035]\]. We treated rhMOG-sensitised monkeys (*n* = 6) with anti-DC-ASGPR-MOG (*n* = 3, animals T1--3) or anti-DC-ASGPR-PSA (n = 3, animals C1--3) as detailed in materials and methods and in [Fig. 2](#f0010){ref-type="fig"}a. Animals were then examined daily to detect clinical signs of EAE, which were quantified (Supplemental table 2). The three animals receiving the control anti-DC-ASGPR-PSA fusion protein fell ill. Two (C1 and C2) developed classical EAE with the onset at 22 and 32 dpi, evolving towards severe disease after 14 and 3 days, respectively. The third animal (C3) suffered several episodes of paraesthesia and tremor with a low clinical score between 24 and 30 dpi, ([Fig. 2](#f0010){ref-type="fig"}b). In contrast, none of the three macaques treated with anti-DC-ASGPR-MOG developed clinical signs of EAE within 90 dpi ([Fig. 2](#f0010){ref-type="fig"}c). This divergent response to rhMOG immunisation highlights the therapeutic effect of treatment with anti-DC-ASGPR-MOG.Fig. 2Experimental setup, clinical features, imaging, and histology of EAE in treated and control animals. a) A confirmatory preclinical protocol, prospectively powered for clinical outcomes (see study design in material and methods), was carried out over 12 weeks. Six cynomolgus macaques were sensitised with rhMOG/IFA every four weeks (orange ticks), until the onset of EAE. Two groups of three macaques received treatment (green ticks) with anti-DC-ASGPR-MOG (T) or anti-DC-ASGPR-PSA(C) every week for three weeks after the initial immunisation and then every week after the boost with rhMOG/IFA. The onset of EAE was detected through clinical observation of the animals. Behavioural and neurological deficits were measured according to a grid that rates EAE severity (Supplemental table 2). b) Onset and progression of EAE in control animals (C1, C2, and C3) treated with anti-DC-ASGPR-PSA; higher scores reflect more severe illness. Blue stars (\*) represent disease-associated brain lesions detected by MRI. c) Onset and progression of disease in animals treated with anti-DC-ASGPR-MOG. Green lines represent the basal scores of treated animals (T1, T2 and T3) and the black star represents an asymptomatic brain lesion detected by MRI. d) Volume of brain lesions detected by MRI in a control and two treated animals. e) Large hyperintense lesion imaged in animal C2 at 35 dpi, encircled by the dotted line. f) Small cortical lesion detected at 54 dpi in animal T2, encircled by the dotted line. From g-j): Brain histopathology of white matter lesions in control (g and h) and treated (i and j) animals, magnification 400×; (g and i) Haematoxylin Eosin (HE) staining; (h and j) Luxol-Fast-Blue-PAS (LFB) stain for myelin fibres. (g) Lesion of a control animal, showing severe myelin degeneration with the infiltration of numerous neutrophils (dark polymorphic nuclei) and a low number of activated microglia/macrophages (to the right of the black star). i) The lesion detected in one treated animal is infiltrated only by a few activated microglia/macrophages (black arrows). h) Severe ongoing myelin phagocytosis in a lesion of a control animal, as revealed by numerous LFB-positive granules in inflammatory cells (inset: magnification of the image, showing phagocytic cells with cytoplasmic vacuoles containing myelin). j) Demyelinated lesion in the treated animal with poor LFB staining and few LFB-positive granules in macrophages; (inset: normal LFB staining at the periphery of the lesion). During the course of this study, we performed many MRI acquisitions but most were normal. EAE in the control animals was severe, with a rapid evolution. The consecutive MRIs in one case (C1) were not informative concerning the progression of the lesions, which remained equally widespread for approximately one week. In the second animal (C2), MRI and the indication of euthanasia were quasi-concomitant, leaving little time to follow the lesions. Only the lesion detected in the one treated animal (T2) could be followed, but it disappeared two weeks after its first detection. Nonetheless, all acquisitions were analysed and processed, especially to assess the volume of the lesions, as reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2

MRI of the two control animals developing severe EAE showed large hyperintense signals at the onset of disease, indicating brain inflammation ([Fig. 2](#f0010){ref-type="fig"}e). In contrast, just one animal treated with anti-DC-ASGPR-MOG (T2) showed a lesion during routine MRI at 54 dpi ([Fig. 2](#f0010){ref-type="fig"}c and f), but it was approximately 1000 times smaller than those in control animals ([Fig. 2](#f0010){ref-type="fig"}d) and was not associated with clinical signs of EAE ([Fig. 2](#f0010){ref-type="fig"}b). This lesion was transient, as it was not detected at later MRI timepoints (82 dpi). The other two animals in the treated group developed no detectable lesions. Thus, MRI follow-up showed much greater susceptibility of control animals to develop grave inflammatory brain lesions.

Brain tissues and lesions were analysed by histology at the experimental endpoint after euthanasia at 37 and 36 dpi for animals C1 and C2 or at 90 dpi for the other four animals. Analysis of the brain lesions revealed that the two control animals that developed severe EAE (C1 and C2) showed large lesions of destroyed white matter and some adjacent grey matter. The lesions were round, confluent, and often centred on vascular structures surrounded by necrotic white matter with haemorrhaging and infiltrated by high numbers of degenerated neutrophils and vacuolated macrophages ([Fig. 2](#f0010){ref-type="fig"}g). The LFB special stain for myelin revealed demyelination, involving virtually the entire lesion ([Fig. 2](#f0010){ref-type="fig"}h). Furthermore, the vacuolated macrophages contained a high amount of phagocytosed LFB-positive myelin debris, as previously observed in acute lesions in this model \[[@bb0035]\], confirming active demyelination (inset [Fig. 2](#f0010){ref-type="fig"}h). Histology of animal T2 confirmed the presence of a small subcortical lesion overlapping the hyperintense signal previously detected by MRI. This lesion contained few vacuolated macrophages and no neutrophils, suggesting healing of an inactive lesion ([Fig. 2](#f0010){ref-type="fig"}i). The LFB special stain showed moderate demyelination relative to the surrounding white matter but most macrophages present in the lesion did not contain LFB-positive myelin debris, indicating a chronic inactive lesion ([Fig. 2](#f0010){ref-type="fig"}j). HE staining of the brain and spine of the two other anti-DC-ASGPR-MOG treated animals revealed no lesions. Moreover, control animal C3 developed mild EAE, with signs evoking a spinal-cord lesion. However, we were unable to locate its precise position, as our MRI setting did not allow surveying the spinal cord. Macroscopic examination of the spinal cord of this animal at necropsy did not show haemorrhaging and a post-mortem anatomopathological analysis of successive sections of the spinal cord, taken every 2 cm from the cervical to lumbar segments and stained with HE, did not show evidence of immune infiltrate at these locations. We concluded that the animal had had a transient inflammatory episode and dismissed further histological assessments. A more detailed description of the lesions is provided in Supplemental table 3. Thus, this analysis showed that, relative to the lesion observed in the one treated animal, control animals had wider and more destructive lesions, with substantial disruption of the blood-brain barrier and massive entry of MOG Abs and complement activation, with consequent recruitment of neutrophils and macrophages, leading to tissue destruction. The analysis of the lesion detected in the one treated animal showed instead a much smaller and self-limiting demyelinating lesion with minor tissue destruction, suggesting containment of the blood brain barrier disruption limiting the subsequent entry of immune mediators of inflammation.

3.2. MOG-specific antibody response {#s0115}
-----------------------------------

We assessed whether treatment with anti-DC-ASGPR-MOG affected anti-MOG immunoglobulin production, as anti-MOG immunoglobulin is a pathologically relevant feature in non-human primate EAE models and in patients with MOG-Abs-associated diseases \[[@bb0020],[@bb0175]\]. We measured anti-MOG IgG + IgA + IgM (Ig) and IgG1 in a cell-based assay (CBA), as only antibodies binding conformational epitopes of native MOG are pathogenic \[[@bb0140]\]. Binding to cellular MOG by all isotypes of plasma Ig displayed individual trends but they were not statistically different between the treated and control animals. Animal C1, which developed a progressive form of EAE, had intermediate levels of anti-MOG Ig. Animal C2, which developed abrupt EAE had elevated anti-MOG Ig levels and animal C3, with mild EAE, had the lowest titre of anti-MOG Ig. These observations are consistent with the severity of disease, as it correlated with the level of anti-MOG Ig. However, treated animals T1 and T2 also had high levels of anti-MOG Ig at 35 dpi and thereafter, but remained resolutely asymptomatic ([Fig. 3](#f0015){ref-type="fig"}a). We measured anti-MOG IgG1 in plasma of treated and control animals by CBA, as anti-MOG IgG1 is a more relevant pathogenic feature and the predominant subclass in anti-MOG related encephalomyelitis \[[@bb0180]\]. Anti-MOG IgG1 levels were 50 to 100 times lower than those of whole anti-MOG Ig but followed a similar individual slope for each animal as pan Ig, likely reflecting a difference in affinity between anti-Ig and anti-IgG1 secondary antibodies for macaque immunoglobulin ([Fig. 3](#f0015){ref-type="fig"}b). Nevertheless, these measures indicate that neither the production of anti-MOG Ig, nor that of IgG1, was altered by the treatment with anti-DC-ASGPR-MOG. This experiment also establishes that high levels of circulating anti-MOG IgG1 are not sufficient to trigger clinical EAE. Thus, the pathogenic factor suppressed by the treatment is not related to anti-MOG IgG1. This highlights a primary pathological role for CD4^+^ T lymphocytes in triggering the disease.Fig. 3Levels of anti-MOG IgG and T lymphocyte phenotypes in blood of treated and control animals. a, b) Levels of anti-MOG IgG and IgG1 antibodies in the plasma of treated and control animals, measured by CBA and expressed as the ΔMFI. a) Levels of anti-MOG IgG at baseline and 35 and 56 dpi for all animals, as well as at 36 and 37 dpi for animals C1 and C2, respectively. b) Levels of anti-MOG IgG1. c-h) Phenotype of circulating CD4^+^ and CD8^+^ T lymphocytes assessed by flow cytometry at several timepoints after sensitisation with rhMOG/IFA and expressed as the variation of the phenotype over time, expressed as the percentage (%) of all CD4^+^ or CD8^+^ cells. c) Variations in the percentage of circulating CD4^+^ T cells were not statistically different between control and treated animals. d) Activated CD4^+^CD69^+^ cells increased only in controls at 28 dpi relative to earlier time points. e) The number of central memory (CM) CD4^+^CD95^+^CD28^+^ cells, was not statistically different between the two groups. f) Activated central memory CD4^+^CD95^+^CD28^+^CD69^+^ cells did not significantly increase in control animals at 28 dpi relative to earlier timepoints. g) The percentage of circulating CD8^+^ T cells was statistically higher in control than treated animals after sensitisation with rhMOG/IFA. h) There was no difference in the number of activated CD8^+^CD69^+^ cells between control and treated animals. In all graphs, animals treated with anti-DC-ASGPR-PSA (C1, C2, C3) or anti-DC-ASGPR-MOG (T1, T2, T3) are illustrated with specific symbols (shown in a and c). The large upward ticks on the X axis indicate the administration of rhMOG/IFA; small upward ticks indicate the treatment with anti-DC-ASGPR-MOG or PSA. Red arrows: peak of EAE and euthanasia. Statistics: exploratory analysis using the two-tailed unpaired *t*-test. (\*) *p* ≤ .050, (\*\*) *p* ≤ .010, (\*\*\*) *p* ≤ .0010. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 3

3.3. Phenotype of circulating lymphocytes {#s0120}
-----------------------------------------

We investigated whether the administration of anti-DC-ASGPR-MOG affects the blood count of lymphocyte subtypes by assessing differentiation and activation markers in PBMCs of treated and control animals at various time points after rhMOG/IFA administration. The percentage of CD4^+^ T cells tended to increase in treated animals ([Fig. 3](#f0015){ref-type="fig"}c), but only control animals showed an increase in the number of activated CD4^+^CD69^+^ T lymphocytes at 14 (*p* = .028) and 28 dpi (*p* = .034) ([Fig. 3](#f0015){ref-type="fig"}d). Moreover, the percentage of activated central memory (CM) CD4^+^CD95^+^CD28^+^CD69^+^ T lymphocytes also increased in controls at 28 dpi relative to baseline (*p* = .026) or that of treated animals at the same timepoint (*p* = .040) ([Fig. 3](#f0015){ref-type="fig"}f). There was no difference in the percentage of CD8^+^ T lymphocytes between treated and control animals at baseline (*p* = .51) ([Fig. 3](#f0015){ref-type="fig"}g). However, the percentage of CD8^+^ cells was significantly higher in control than treated animals at 14 (*p* = .0004), 28 (*p* = .0027), and 35 dpi, (*p* = .0003) ([Fig. 3](#f0015){ref-type="fig"}g). There was also no difference in the percentage of activated CD8^+^CD69^+^ T cells between treated and control animals ([Fig. 3](#f0015){ref-type="fig"}h). Measurement of the absolute number of lymphocytes confirmed the observations based on percentages (Supplemental fig. 3). We assessed other populations of circulating lymphocytes at each timepoint (see examples of gaiting in Supplemental fig. 4) and observed no differences in the percentage of circulating NK cells or naïve or memory B cells, whether activated or not, between treated and control animals (not shown). Thus, phenotyping of blood lymphocytes showed that the treatment with anti-DC-ASGPR-MOG prevents the activation of naïve and central memory CD4^+^ T lymphocytes and the proliferation of circulating CD8^+^ T lymphocytes in rhMOG/IFA administered animals.

3.4. Cytokine levels in plasma {#s0125}
------------------------------

We measured the levels of 15 cytokines at various timepoints in the plasma of treated and control monkeys and in four naïve animals to further assess any ongoing immune processes associated with anti-DC-ASGPR-MOG treatment. Hierarchical clustering of cytokine levels revealed four groups ([Fig. 4](#f0020){ref-type="fig"}a and Supplemental table 4). Group I included only treated animals at 21 and 28 dpi, with particularly low levels of TGFβ2 and high levels of IL-10. Group II was the most heterogeneous and included all treated and control animals at 7 dpi, as well as some animals of either group at 21 or 28 dpi, but no naïve animals, with significantly lower levels of TGFβ1 (*p* = .00018), TGFβ2 (*p* = .00002), and IL-8 (*p* = .010) than naïve animals ([Fig. 4](#f0020){ref-type="fig"}b). Group III was comprised of the four naïve macaques, the three treated animals, which were healthy at 35 dpi (one week after the 1st boost with rhMOG/IFA) and control C3 at 35 dpi, in remission from a mild episode of EAE, all displaying high levels of TGFβ1, TGFβ2, and IL-8. Treated macaques in group III showed higher levels of TGFβ1 (*p* = .0023), TGFβ2 (*p* = .0066), and IL-8 (*p* = .039) than naïve animals, which likely reflects basal cytokine levels ([Fig. 4](#f0020){ref-type="fig"}c). Group IV included only control animals at the onset or peak of EAE, with lower levels of TGFβ1 (*p* = .0083), TGFβ2 (*p* = .015), and IL-8, (*p* = .051) than naïve animals. A statistical comparison of the cytokine levels in the treated and control groups showed an increase in the level of the pro-inflammatory cytokines TNFα (130×, p = 0.016), IL-1β (50×, p = 0.011), and IFNγ (6×, *p* = .0006) between 7 and 35 dpi in the three control animals but not the treated animals. Instead, the treated animals showed a 20 to 100-fold increase in the levels of IL-8 (100×, *p* = 9E-5), TGFβ2 (25×, *p* = 3E-5), and TGFβ1 (20×, p = 3E-7) from 7 to 35 dpi, whereas the increase in the levels of the same cytokines was only approximately 5- to 10-fold in the controls ([Fig. 4](#f0020){ref-type="fig"}d). This confirms the established fact that the onset of EAE is associated with an increase in proinflammatory cytokine levels and suggests that the therapeutic effect of anti-DC-ASGPR-MOG immunotherapy is linked to an increase in TGFβ1 and TGFβ2 levels upon MOG antigen stimulation.Fig. 4Cytokine levels in plasma of treated and control animals. a) Heatmap showing cytokine levels in the plasma of all animals at several time points after sensitisation with rhMOG/IFA. Cytokine levels are represented by a colour gradient, ranging from yellow (no expression) to deep blue (highest concentration). Hierarchical clustering, represented by dendrograms, was performed at individual and cytokine levels. Four groups of animals were identified and are numbered from 1 to 4 in the text: animals treated with anti-DC-ASGPR-MOG are named T1, T2, and T3, controls treated with anti-DC-ASGPR-PSA, C1, C2, and C3, and untreated non-immunised naïve animals, 1, 2, 3, and 4; timepoints in dpi are numbered from D7 to D37; group I (red), group II (green), group III (purple), group IV (yellow); see also Supplemental table 4). b) Cytokine levels (expressed in log10 of pg/ml) in naïve animals relative to those measured in "EAE incubation" group II, in which there were significantly lower TGFβ1, TGFβ2, and IL-8 levels. c) Cytokine levels measured in "EAE resolution" group III, in which there were significantly higher TGFβ1, TGFβ2 and IL-8 levels in treated animals than naïve macaques. d) Varying cytokine levels between the two groups of treated and control animals and the various timepoints. In green, animals treated with anti-DC-ASGPR-MOG (T); in blue, control animals treated with anti-DC-ASGPR-PSA (C) and timepoints in day (d) post-sensitisation with rhMOG/IFA. The levels of the pro-inflammatory cytokines IL-1β, IFNγ, and TNFα were elevated at 35 dpi in controls but not treated animals. The levels of IL-8, TGFβ1, and TGFβ2 were elevated in treated animals at the last timepoint of 35 dpi, but not in controls. Statistics: exploratory analysis, with no multiple test correction, using the two-tailed unpaired t-test. (ns) *p* \> .05; (\*) p ≤ .050; (\*\*) p ≤ .010; (\*\*\*) p ≤ .0010. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

An analysis of individual cytokine levels at various timepoints showed increasing levels of the pro-inflammatory cytokines IFNγ, IL-1β, G-CSF, GM-CSF, and TNFα in the controls, whereas treated animals instead showed a significant increase in TGFβ1, TGFβ2, and IL-8 levels after re-immunisation at 35 dpi. The resilient control animal, C3, which had developed a mild form of EAE, displayed a peculiar intermediary pattern of cytokines at 28 and 35 dpi, between that seen in animals with full-blown EAE and that seen in treated animals. It combined both patterns of pro- and anti-inflammatory cytokines, suggesting that, at some point, the anti-inflammatory cytokines were sufficient to control disease progression ([Fig. 5](#f0025){ref-type="fig"}).Fig. 5Cytokine levels per animal at various timepoints. Each bar represents the concentration (pg/ml) of each cytokine in the plasma of animals treated with anti-DC-ASGPR-MOG (T1, T2, T3), underlined in green, and control animals (C1, C2, C3), underlined in black. Bars represent the mean values of two measurements ± SEM. Statistics: exploratory analysis by one-way ANOVA and Tukey post-test. (ns) p \> .05; (\*) p ≤ .050; (\*\*) p ≤ .010; (\*\*\*) p ≤ .0010. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.5. MOG-specific regulatory cells {#s0130}
----------------------------------

TGFβ1, which can be produced by Tregs \[[@bb0185]\], modulates naïve CD4^+^ T cell physiology, as it can prevent their spontaneous activation, or directly induces their differentiation into FOXP3^+^ Tregs, largely contributing to increasing the threshold of autoimmunity \[[@bb0190], [@bb0195], [@bb0200]\]. As we measured higher levels of TGFβ1 and TGFβ2 in the plasma of animals treated with anti-DC-ASGPR-MOG after reimmunization with rhMOG/IFA, we assessed whether these animals also showed an increased number of MOG-specific CD3^+^CD4^+^FOXP3^+^ T lymphocytes. We used a sensitive test that measures T cell activation through the detection of the cell surface markers CD25 and CD134 (OX40), which appear after antigen stimulation \[[@bb0205]\]. Moreover, we measured the expression of the ectoenzyme CD39 to determine whether these cells originated from a subset of resting memory CD39^+^ Tregs, which show suppressive properties and stable expression of FOXP3 \[[@bb0135]\]. The percentage of MOG-specific CD3^+^CD4^+^CD25^+^OX40^+^ T cells remained at similar levels between control and treated animals at 14 and 35 dpi ([Fig. 6](#f0030){ref-type="fig"}a). Among these cells, the frequency of FOXP3^+^CD39^−^ T cells, was not statistically different between treated and control animals at 14 and 35 dpi ([Fig. 6](#f0030){ref-type="fig"}b). However, the number of MOG-specific FOXP3^+^CD39^+^ lymphocytes was significantly higher (approximately 2.5-fold) at 35 dpi in treated animals than in the controls (*p* = .042) ([Fig. 6](#f0030){ref-type="fig"}c), highlighting an effect of the treatment that favours the development of MOG-specific CD4^+^FOXP3^+^CD39^+^ Tregs.Fig. 6Measurement of MOG-specific Treg lymphocytes and anti-MOG IgG in treated and control animals. a-c) FOXP3 and CD39 expression among CD3^+^CD4^+^CD25^+^CD134^+^ T cells during the antigen recall response in macaques sensitised with rhMOG/IFA and receiving anti-DC-ASGPR-MOG or anti-DC-ASGPR-PSA. a) Percentage of CD3^+^CD4^+^CD25^+^CD134^+^ T cells in PBMCs from treated animals (anti-DC-ASGPR-MOG) or controls (anti-DC-ASGPR-PSA) at 14 and 35 dpi. b) Percentage of FOXP3^+^CD39^−^ cells among CD3^+^CD4^+^CD25^+^CD134^+^ T cells in treated and control animals. c) Percentage of FOXP3^+^CD39^+^ cells among CD3^+^CD4^+^CD25^+^CD134^+^ T cells in treated and control animals. d, e) Measurements of anti-MOG IgG and MOG-specific Tregs in two animals injected with anti-DC-ASGPR-MOG prior to sensitisation with rhMOG/IFA. d) Weekly measurement of anti-rhMOG IgG in the plasma of animals by ELISA, expressed as arbitrary units (AU). e) Mean percentage of CD3^+^CD4^+^CD25^+^CD134^+^ T cells that are FOXP3^+^CD39^−^ (triangles) or FOXP3^+^CD39^+^ (squares) among PBMCs of these two macaques are shown at successive time points. Small upward ticks on the X axis of both graphs indicate anti-DC-ASGPR-MOG injections; large ticks indicate rhMOG/IFA immunisations. Statistics: exploratory analysis, with no multiple test correction, using the two-tailed unpaired t-test. (ns) *p* \> .050, (\*) *p* ≤ .050.Fig. 6

3.6. Injection with anti-DC-ASGPR-MOG does not raise humoral immunity {#s0135}
---------------------------------------------------------------------

We assessed whether the treatment with anti-DC-ASGPR-MOG induces anti-MOG IgG. Two macaques received three injections of anti-DC-ASGPR-MOG at one-week intervals before sensitisation with rhMOG/IFA at the fourth week. We used an ELISA, which is at least 100 times more sensitive than CBA, to detect anti-MOG IgG. Plasma anti-MOG IgG remained at basal levels during treatment with anti-DC-ASGPR-MOG and increased only after rhMOG/IFA sensitisation. This shows that multiple skin injections of anti-DC-ASGPR-MOG does not elicit anti-MOG IgG, even though it carries the exact same protein sequence as rhMOG ([Fig. 6](#f0030){ref-type="fig"}d). We also assessed the presence of MOG-specific CD4^+^CD25^+^FOXP3^+^CD39^+^ cells in these two animals. Anti-DC-ASGPR-MOG treatment induced a progressive increase in the number of MOG-specific CD4^+^CD25^+^FOXP3^+^CD39^+^ cells, which reached \>50-fold relative to the baseline. Circulating MOG-specific CD4^+^FOXP3^+^CD39^−^ cells were more numerous than CD4^+^CD25^+^FOXP3^+^CD39^+^ cells at earlier time points but tended to decrease during the prophylactic treatment, as they were approximately 2-fold reduced after the third injection with anti-DC-ASGPR-MOG ([Fig. 6](#f0030){ref-type="fig"}e). Finally, in spite of three successive administrations of rhMOG/IFA following the prophylactic treatment, these two animals showed an EAE score of 0 and no brain inflammation by MRI for at least 90 days following the last injection of anti-DC-ASGPR-MOG. Moreover, a systematic post-mortem pathological analysis found no lesions in the brain or spine. These results show that intradermal injection of anti-DC-ASGPR-MOG does not stimulate anti-rhMOG IgG production, whereas it stimulates the appearance of CD4^+^FOXP3^+^CD39^+^ MOG-specific Tregs and prevents EAE in the long-term.

4. Discussion {#s0140}
=============

Autoimmune demyelinating diseases are commonly treated by immunosuppression but more specific immunotherapies, adapted to the physiopathology of each disease and able to restore immune homoeostasis, are currently being investigated. Here, we report an effective immune tolerisation scheme that is able to block brain anti-MOG CNS autoimmunity in macaques. Long-lasting disease suppression was based on dermal targeting of the myelin Ag MOG~1--125~ into resident skin DCs and favoured the appearance of MOG-specific Tregs and a dramatic systemic surge of TGFβ1 and TGFβ2 levels upon rhMOG/IFA re-stimulation.

Of the five macaques treated with anti-DC-ASGPR-MOG, none developed EAE over the course of a 90-day experiment, showing that such a tolerogenic strategy, previously shown to mitigate EAE in inbred SPF mice through MOG-targeting to peripheral DCs and the induction of FOXP3^+^ suppressor Tregs \[[@bb0070],[@bb0075]\], also applies to outbred adult primates with a rhMOG/IFA-primed immune system. This clinical outcome is remarkable given the very high probability (95%) of any adult cynomolgus macaque to develop severe disease within 35 days after immunisation with rhMOG/IFA (see materials and methods). Indeed, all three control animals treated with anti-DC-ASGPR-PSA developed EAE. This observation establishes that the intradermal routing of MOG into resident DC-ASGPR^+^ cells is sufficient to counteract the breach of tolerance and the induction of MOG-specific autoreactive lymphocytes induced by rhMOG/IFA sensitisation. Phenotyping of blood lymphocytes indicated that only the control animals showed increased activation of CD4^+^ T cells in the days preceding the onset of EAE and a concomitant elevation of proinflammatory cytokines in plasma, which culminated in brain inflammation, demyelination, and EAE, likely amplified by the presence of anti-MOG IgG \[[@bb0210]\]. In contrast, animals treated with anti-DC-ASGPR-MOG showed an increase in the number of MOG-specific CD4^+^CD25^+^FOXP3^+^CD39^+^ Tregs and a surge in TGFβ1 and TGFβ2 levels upon rhMOG/IFA re-administration, which likely precluded the pathogenic escalation seen in the controls. This recaps a mechanism of TGFβ1-mediated EAE suppression described in mice following oral tolerance \[[@bb0215]\]. TGFβ1 is a central mediator of peripheral tolerance required to keep naïve T cells quiescent and induce their differentiation into FOXP3^+^ regulatory lymphocytes or FOXP3^−^ suppressor lymphocytes \[[@bb0190],[@bb0200]\]. In our experiments, MOG-specific CD4^+^ Tregs induced by the intradermal injection of anti-DC-ASGPR-MOG possibly counteracted the proliferation of MOG-specific autoreactive effectors induced by rhMOG/IFA; this is inferred by the specific absence of activated CD4^+^ T cells and proinflammatory cytokines in the plasma of the treated animals. Concerning the mechanism of action of the induced MOG-specific Tregs, it is possible that MOG-specific regulatory cells responded to the reinjected rhMOG, upon re-administration of rhMOG/IFA, by increasing the production of IL-8 and TGFβ, thus attracting neutrophils for antigen clearance while simultaneously preventing adaptive T cell responses to self-antigens, as observed in chronic hepatitis \[[@bb0220]\]. Alternatively, MOG-specific Tregs may have modulated the skin DC response following the second boost with rhMOG/IFA, favouring the production of TGFβ1 and TGFβ2 by DCs and skewing naive T cell differentiation towards Tregs and inducing anergy of autoreactive cells \[[@bb0225]\].

Most interestingly, the monkeys treated with anti-DC-ASGPR-MOG were protected from EAE even though they had elevated levels of circulating anti-MOG IgG. Because an extensive amount of evidence indicates that MOG Abs contribute significantly to inflammation and myelin destruction in EAE models \[[@bb0045],[@bb0175],[@bb0210]\], as well as in patients with MOG Abs-associated diseases \[[@bb0020],[@bb0030],[@bb0050]\], this rather indicates that the brain pathology mediated by MOG Abs requires associated activated autoreactive T cells. In the course of EAE, these lymphocytes enable the disruption of the brain blood barrier and the entry of pro-inflammatory immune effectors including immunoglobulin \[[@bb0020],[@bb0210],[@bb0230]\], but their presence in macaques treated with anti-DC-ASGPR-MOG is averted by increased numbers of MOG-specific T cells. The fact that macaques with high levels of MOG Abs and elevated amount of MOG-specific Tregs remained healthy, supports the notion that immunotherapy with anti-DC-ASGPR-MOG could effectively prevent relapses in MOG Abs-associated diseases, without depleting B cells, a currently relatively ineffective treatment in these patients \[[@bb0235]\].

We have previously shown that the fusion of an antigen to anti-DC-ASGPR induces the priming of naïve CD4^+^ T cells into antigen-specific IL-10^+^ FOXP3^−^ suppressors. This same antibody-antigen-fusion vehicle also favoured the appearance of antigen-specific T cells secreting IL-10 when injected into macaque skin, but their precise phenotype was not assessed \[[@bb0100]\]. Here we show that dermal injection of the anti-DC-ASGPR-MOG antibody induces MOG-specific CD4^+^FOXP3^+^CD39^+^ Tregs. It is possible that MOG-specific IL-10^+^FOXP3^−^ suppressors were also induced at specific timepoints of the protocol, but we were not able to detect them due to difficulties in labelling IL-10 in macaque PBMCs. In addition, whether the targeting of DC-ASGPR into cultured IFNDCs or *ex vivo*-derived CD163^+^ dermal DC/macrophages activates alternative pathways needs to be addressed in future studies. Additional experiments will allow further characterisation of the mechanism of action of such MOG-specific Tregs and better define their pattern of cytokine expression.

Other approaches for the induction of antigen-specific tolerance are currently being explored with varying success. These include the use of nanoparticles for the delivery of peptide antigens, which when coupled to MHCI or MHCII can induce anergy in autoreactive lymphocytes. Other modalities using nanoparticles are under study, including those that target tolerogenic DCs, modulate the inner state of DCs such that they become tolerogenic, or that couple self-antigens to mimic antigen presentation in the context of apoptosis or induction of hepatic or oral tolerance, all of which can induce Treg-dependent tolerance in animal models \[[@bb0240]\].

Direct manipulations of Tregs has also been envisaged for therapy, either through trophic support of the patients\' own Tregs by low-dose administration of IL-2, or T cell therapy through the transfusion of antigen-specific Tregs amplified *ex vivo,* either unmodified or engineered for their expression of a chimeric antigen receptor (CAR) \[[@bb0245],[@bb0250]\]. These and other procedures can require complex cell-based manufacturing and provide potential therapeutic benefits that are as yet barely explored in translational medicine. One or more of these approaches may find use in particular diseases, but their medical application will ultimately depend on efficacy and cost.

In conclusion, we report a preclinical protocol based on dermal injection of anti-DC-ASGPR-MOG that induces robust protection of NHP against a grave tissue-specific autoimmune disease. The same approach could be applied to treat autoimmune diseases with any identified autoantigen. As the treatment is effective, in spite of sustained high levels of anti-MOG autoantibodies, patients with autoimmune demyelinating diseases harbouring anti-MOG or anti-AQP4 IgG could possibly benefit from increasing the pool of MOG- or AQP4-specific Tregs, as anti-MOG or anti-AQP4 autoreactive T cells have been proven to be essential for orchestrating the cascade of pathogenic events characterising these diseases \[[@bb0210]\].
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